INTRODUCTION
The Red Creek Landslide is located on the north shore of the Blue Mesa Reservoir on the Gunnison River, approximately 20 mi (32 km) west of Gunnison, along U.S. Highway 50 in central Colorado (Figure 1 ). It has moved intermittently for more than 30 years, requiring periodic maintenance by the Colorado Department of Transportation (CDOT). Problems to date primarily have been limited to pavement and sub-grade damage (warping, opening of small fissures, etc.). Roadway mitigation efforts before 1996 included asphalt patching, minor realignment of the road, and conversion of the roadway surface to dirt. A geogrid was installed in the spring and summer of 1998 to provide a reinforced platform as a stable base for an asphalt mat.
The active failure is approximately 1,000 ft (300 m) in width across the slope and is estimated to be between 1,500 and 2,000 ft (450-600 m) in length along the slope, with approximately half of the landslide mass submerged below the reservoir even at the minimum operating pool elevation. Physical dimensions below the waterline are inferred from historic aerial photographs taken before construction of the reservoir.
Borehole data indicate that the failure plane is 138 ft (42 m) below the surface of the road within the (Jurassic) Morrison Formation, which is the depth at which borehole casing sheared off (Andrew, 1997b) . This rock unit is a relatively weak, inter-bedded siltstone and claystone. Many layers exhibit a tendency to slake rapidly on exposure to water.
The U.S. Bureau of Reclamation (USBR) constructed this section of highway during the early 1960s as part of the development of the Blue Mesa Reservoir. Landslide movements tend to coincide with yearly reservoir drawdown (Andrew, 1997b) . The CDOT reports that landslide displacement rates have ranged from slow creep to as much as 5 ft in 1 month. The influence of rapid drawdown is established by correlation of yearly maximumand minimum-stage levels of the reservoir with observed landslide movements. Additional factors that probably contribute to movement include slake characteristics of certain layers within the Morrison Formation, a previously unrecognized paleolandslide at this location, and historic excavation of clay near the paleolandslide toe before construction of the reservoir.
The purpose of the present paper is to confirm the movement mechanics of the Red Creek Landslide and the encompassing paleolandslide through slope stability analysis and to use these results to develop a procedure to minimize the effects of rapid drawdown.
BACKGROUND Regional Geology
The geology in the area is characterized by Precambrian schist, gneiss, and pegmatite unconformably overlain by Jurassic and Cretaceous sedimentary rocks and capped locally by Tertiary volcanic rocks and Quaternary sediments (the stratigraphic column is shown on Table 1 ).
The Jurassic Morrison Formation is the rock unit of primary concern for the present study. At Red Creek, the Morrison Formation is a 400-ft (120-m) thick sequence of weak, alternating layers of maroon siltstone and bluegreen mudstone/claystone with several minor sandstone layers. Sedimentary rock units in the vicinity dip less than 10 degrees to the north (into the slope). At Red Creek, some of the upper Jurassic and Cretaceous units USGS, 1954.) (particularly the Mancos Shale) were largely eroded before deposition of Tertiary volcanic tuffs and breccias (Hedlund and Olson, 1973) . Several faults occur nearby that are generally believed to be associated with the Laramide Orogeny (late Cretaceous), although some were active much earlier as well (Hansen, 1968) . Quaternary faults within a radius of several hundred miles are capable of having generated earthquakes in the past that would have been felt along the Gunnison River valley (Widmann et al., 1998) .
A U.S. Geological Survey (USGS) map of the study area (Carpenter Ridge quadrangle) was published in 1973 by Hedlund and Olson using data collected before filling of the Blue Mesa Reservoir. The location of the Red Creek paleolandslide is mapped as undifferentiated talus, slope wash, and colluvium. At other locations, numerous large landslide and mudflow deposits are mapped on the valley slopes of the Gunnison River and its tributaries. The Red Creek paleoslide was not mapped by Hedlund and Olson.
Historical Development
In 1882, the Denver & Rio Grande Western (D&RGW) Railroad extended its narrow-gage tracks through the Gunnison River valley en route to Montrose and Lake City (Wallace, 1965; Levy, 1968) . Automobile traffic was made possible in the 1920s with the construction of Blue Mesa Road along the valley floor (Vickers, 1997) . Our review of aerial photographs and topographic maps indicate that Blue Mesa Road was straightened and widened between 1939 and 1954, with the upgrades leading to its re-classification as the original U.S. Highway 50 (Walker, 1999) . Construction began in mid-1960 to relocate U.S. Highway 50 to higher ground to accommodate the Blue Mesa Reservoir. At the Red Creek Landslide, the new road is approximately 800 ft (240 m) north and 200 ft (60 m) upslope from the original location. The new alignment was opened on September 19, 1964 (USBR, 1975 . In 1996, the road was moved another 50 ft (15 m) to the north (away from the reservoir) because of extensive warping and settlement associated with repeated landslide activity (Figure 2 ).
Information from a retired CDOT maintenance crew member suggests that 'blue clay' from the Morrison Formation may have been excavated from near the toe of the landslide and used to 'clay plate' the early automobile roads as well as to line water ditches near Gunnison (Vickers, 1997) . Also reported were 12-to 18-in. (30-to 45-cm) thick layers of the Morrison blue clay on top of Hoek and Bray (1981) . Estimated using the data of Wyllie and Norrish (1996) .
à Estimated using the data of Hoek and Bray (1981) and Hunt (1984) . Upper value is residual strength, and lower value is peak strength. §
Residual strength (upper value) is calculated by laboratory tests and confirmed by back-calculation slope stability analysis. Peak strength (lower value) is estimated using the data of Hoek and Bray (1981) and Hunt (1984 (USBR, 1975) . Blue Mesa Reservoir must be able to accommodate large runoff from snowmelt in the spring, so the water level is lowered each year in anticipation of the spring snowmelt. The amount of seasonal drawdown is determined by the volume of inflow predicted for that year, which is based on snowpack measurements and other hydrological forecasts (Stanton, 1999 (Stanton, 1997) . Outflow from Blue Mesa also must accommodate head requirements for hydroelectric power generation. An additional operational consideration was discovered during the first year of normal operation, after initial filling of the reservoir. During the winter months, the upstream end of the reservoir backed up into the Gunnison River, causing numerous ice jams. These jams subsequently caused flooding and property damage during the spring thaw. To prevent additional damage, the USBR instituted a policy of having the reservoir lowered to elevation 7,490 ft (2,283 m) by December 31st each year (Stanton, 1997) .
Stage-level records indicate continued lowering through March or April and then subsequent filling from snowmelt and spring rains, usually reaching full capacity in July. Except in years of drought, most notably 1977 and 1982, stage level historically has remained at nearfull capacity through Labor Day (USBR, 1997). The typical minimum reservoir elevation was increased after about 1984 in response to concerns regarding poor fish habitat associated with very low stage levels. These factors, combined with a small surface area (9,180 acres, The CDOT has recognized the effects of this substantial stage-level fluctuation on slope stability. Based on observations and yearly maintenance patterns, they conclude that rapid drawdown of the Blue Mesa Reservoir is responsible for the activity of the landslide. Brief mention is made in internal CDOT reports of the landslide being 'reactivated' and 'part of a very old slide complex' (Barrett, 1974; Andrew, 1997b) . Figure 3 summarizes the timing of reported movements of the Red Creek Landslide, which are described in the following text. Movement initiated as soon as the reservoir began filling. An internal CDOT report on the Red Creek Landslide notes that 'Settlements have been observed and repaired by maintenance forces each winter since 1965,' when early reservoir filling began (Barrett, 1974) . Other CDOT and USBR reports discussing movement at Red Creek include those of McGibbon (1971) and Barnes (1971) . Barrett's 1974 report refers to the winter of 1971 as the time when the Red Creek Landslide first became a 'major problem, ' and Barnes (1974) describes the intensity of movement as follows: '[A] great deal of movement has occurred since the last inspection in March 1971, especially near the east end where as much as 15 feet (4.6 m) of vertical displacement is evident.'
History of Landslide Movement and Maintenance
A CDOT employee described activity during the period from 1974 to 1994 (Lochnikar, 1997) . After the movement in 1974, U.S. Highway 50 was converted to dirt across the landslide area for a period of 6 to 7 years. The highway was re-paved during the early 1980s and required 200 to 300 tons (180-270 metric tons) of asphalt patching twice a year: once in May before Memorial Day and again in the fall between Labor Day and midOctober. Between 1988 and 1990, the road settled, but it did not move significantly. Sliding resumed in 1992 and 1993, resulting in major earthwork and re-paving.
Differential movement in the sub-grade resulted in bridging over voids and tension cracks that developed below the asphalt mat. The asphalt would eventually crack or collapse, resulting in unsafe conditions for motorists (Andrew, 1997a) . During the spring of 1996, further degradation led CDOT to relocate U.S. Highway 50 slightly upslope. This minor realignment involved excavating 50 to 60 ft (15-18 m) back into the slope, which created a 20-ft (6-m) high cut in Morrison bedrock. A shallow failure approximately 30 ft (9 m) in width immediately began to push out of the new cut along a blue-green claystone layer in the Morrison Formation (Lochnikar, 1997; Vickers, 1997) .
During the spring and summer of 1998, CDOT installed a reinforced geogrid platform to support an asphalt mat without the problem of bridging over tension cracks (Andrew, 1997b (Andrew, , 1999 . This design would not prevent landslide movement. Rather, it was intended to provide a stable base for the pavement surface while minimizing maintenance costs and allowing safe transit through the area at normal highway speed (as an unsurfaced road, traffic speed was limited to 25 mph, or 40 kph, across the landslide). 
HYPOTHETICAL LANDSLIDE MECHANICS
The Red Creek Landslide is significantly different from other local landslides in that the slide plane is located deep in a bedrock unit (McGibbon, 1971; Walker, 1999) and landslide movement closely corresponds to lowering of the reservoir. The following hypotheses are proposed to explain observed landslide characteristics.
Rapid drawdown acts as the trigger to destabilization. When the reservoir is lowered faster than the slope is able to drain, a zone of saturated material remains. The material in this zone is no longer buoyantly supported or buttressed by water in the lake, and its mass exerts an increased driving force at the head of the landslide. Simultaneously, lowering of the water level reduces resistance to sliding along the horizontal portion of the slip surface as it extends out into the reservoir (Figure 4) . Additionally, pore-water pressures lower the effective stresses, further reducing the resistance to sliding.
A possible explanation for the depth of the slide plane (at 138 ft, or 42 m) is that failure at Red Creek Landslide is actually the partial reactivation of a larger paleolandslide. Slake characteristics of the Morrison Formation suggest that significant weakening occurs after saturation with water because of reservoir filling. This loss of strength would severely reduce stability, especially at the toe and along a pre-existing failure plane.
Historical records suggest that grading and excavation took place at or near what would have been the toe of the large paleolandslide (Walker, 1999) . Although not sufficient to reactivate the paleolandslide when dry, these activities may have contributed to instability once the reservoir was filled by reducing the resistance to sliding.
SITE INVESTIGATION AND RESEARCH
Study of the Red Creek Landslide was accomplished through a combination of library research, field investigation, rock-core analysis, personal interviews, laboratory materials testing, and stability analysis.
Research of written documentation regarding historical landslide movement and maintenance activity was conducted at the USBR office in Grand Junction, Colorado. Information about reservoir construction and operation was reviewed at the Denver, Colorado, headquarters of the USBR, U.S. Park Service, USGS, and U.S. Forest Service. Research of the construction of the D&RGW Railroad through the area of the landslide was conducted at the Colorado Historical Society's archive collection in Denver. Personal interviews with current and former CDOT employees were conducted both by phone and in person in Gunnison, Montrose, Grand Junction, and Denver. Interviews with USBR personnel in Grand Junction, Montrose, and Denver were valuable in reconstructing the history of movement and CDOT mitigation efforts at Red Creek.
Field investigation was conducted during July 1997. This work involved detailed mapping of the exposed portion of the landslide. Mapping below the high waterline was not possible, because the reservoir was within 2 ft of capacity. Samples of different surficial shallow soil and weak bedrock materials from the landslide area were collected for laboratory testing.
Materials testing included Atterberg limits, slake durability, and re-molded direct shear tests. Testing was performed in general conformance with American Society for Testing and Materials standards. . Schematic diagram of the effects of rapid drawdown. The stippled area is no longer laterally buttressed by the reservoir, and the normal force is reduced by c w (h 1 À h 2 ), where c w is the unit weight of water and h 1 and h 2 are average reservoir water heights above the landslide (adapted from Barrett, 1974) .
Core samples from six borings drilled by CDOT in November of 1996 are stored at a warehouse in Denver. These core samples were inspected as part of this research project. The cores were logged and specimens selected for later testing under re-molded conditions, because the samples had dried and cracked during the time since their initial collection.
Core recovery from the immediate vicinity of the probable basal shear plane was near zero percent. Historical accounts suggest that the basal failure plane is located primarily within a layer of blue-green clayshale (Vickers, 1997) . This assessment is supported by the geologist who was present during coring (Andrew, 1997a) . Because actual deep slide plane material was not available, and because the Morrison is stratigraphically repetitive, blue-green clay material from elsewhere in the sequence was tested, and the results were used in the landslide model.
Computer modeling of the landslide used the slope stability program PCSTABL5M (Purdue Univ., West Lafayette, IN), with the Simplified Janbu method of slices. The first analyses were calibration runs using back-calculation to verify the cohesion and friction angle of the Morrison Formation using the smaller active landslide geometry. The smaller landslide was chosen because model results could be calibrated against historical observed movement. Cohesion and friction angle values were manipulated until the landslide was marginally stable (factor of safety slightly greater than 1.0) under equilibrium groundwater conditions with the reservoir at elevation 7,520 ft (2,292 m; full capacity) and elevation 7,460 ft (2,274 m; drawn down 60 ft) and was highly unstable (factor of safety significantly less than 1.0) when the reservoir was rapidly drawn down from full capacity to elevation 7,460 ft (2,274 m). Back-calculated strength values were consistent with laboratory values derived from direct shear tests on re-molded samples.
The water table was also adjusted to model pre-and post-reservoir conditions and for multiple rapid drawdown scenarios. The slope profile was adjusted to model the stability of a theoretical original slope before any landslide movement. Seismic loads were added to model the likelihood of an earthquake serving as a triggering event for the paleolandslide.
RESULTS

Field Investigation
The landslide mapping identified scarps, hummocky topography, disrupted stratigraphy, and lobate deposits that were interpreted as evidence of landslide geomorphology, as described below.
Asphalt pavement thickness observed in several tension cracks within the former roadway was estimated to be in excess of 5 ft (1.5 m). This is consistent with CDOT reports of extensive patching and resurfacing in response to cracking and settlement. Buckled asphalt pavement with yellow paint also was observed approximately 15 ft below and 60 ft south of the paved road surface, confirming the significant long-term settlement and movement reported by CDOT.
Laboratory Testing
Seventeen samples from the Morrison Formation (collected at the ground surface and from boreholes as deep as 134 ft, or 40.8 m) were tested for Atterberg limits. Nine samples were low-plasticity clays (CL), six were high-plasticity clays (CH), and one was classified as a low-plasticity clay/silt (CL-ML). One sample was nonplastic and presumed to be clayey or silty sand (SC or SM, respectively).
Slake durability tests were run on seven samples from the Morrison Formation. After two cycles, slake durability indices varied from 1 to 89 percent (with a median value of 64 percent), indicating a strong propensity to break down on wetting and drying.
Residual direct shear testing was performed on blue clay from the Morrison Formation, which is presumed to represent basal slide plane material. The testing indicated a cohesion of 500 psf (24 kPa) and a friction angle of 11 degrees. The fact that cohesion is not zero suggests that the samples were not completely drained during testing. This apparent cohesion results from negative pore pressures caused by dilation of the soil during shearing. This dilation, however, also is expected to model actual conditions along the shear plane. Also, for the normal stresses involved, the contribution of cohesion to the overall stability is small relative to that of the friction angle.
ANALYSIS Geomorphic and Geologic Evidence
Our interpretation of pre-reservoir aerial photography and of the topography that remains visible above the waterline indicates three ancient landslides along the north shore of the reservoir in close proximity to Red Creek, as shown in Figure 1 .
Geomorphic features used to interpret a large paleolandslide at Red Creek are shown in Figure 5 . The unusually thick exposure of mesa-capping volcanic breccia is interpreted as the headscarp area. Our observations indicate that large thicknesses of exposed volcanic rocks are visible at many other locations around the Blue Mesa Reservoir and that they roughly correspond to the headscarps of other mapped paleolandslides.
Additional geomorphic and geologic evidence for a paleolandslide at Red Creek is found just above the cut for U.S. Highway 50 at the Red Creek Landslide. Outcrops of West Elk Breccia (part of the mesa-capping volcanic sequence) appear to be intact (although not necessarily in-place) bedrock. At one location, the breccia overlies an extremely weathered, highly plastic, brown clayshale containing clasts of conglomerate. This material differs dramatically from that of the Morrison Formation and is interpreted to be part of the Dakota Sandstone and Burro Canyon Formation (Kdb), which is described as 'light-gray to gray sandstone and pebble conglomerate and inter-bedded gray shale' (Dames & Moore, undated) .
The Dakota Sandstone, Burro Canyon Formation, and Mancos Shale (Km) were largely eroded from this area before deposition of the volcanics (Hedlund and Olson, 1973) , so a limited, discontinuous exposure in the face of the cut is not surprising. Stratigraphically, however, both the Dakota Sandstone and the West Elk Breccia should be much higher in elevation on the valley wall. Given the volume of breccia present in the active landslide mass and its appearance as intact bedrock rather than talus or slope wash, the presence of a preserved contact with Dakota Sandstone, and the lack of any structural features (faults or folds) to explain its anomalous stratigraphic position, the evidence strongly suggests that these materials were moved downward in a large, deep bedrock landslide.
Computer Stability Modeling
Computer stability analysis consisted of three different models: an original slope model to demonstrate that a large landslide could have been triggered in the ancient past, a paleolandslide model to illustrate that rapid drawdown following development of the Blue Mesa Reservoir was insufficient to reactivate the ancient landslide unless coupled with earthquake forces, and an active landslide model to evaluate the stability of the active landslide.
The present-day slope profile was constructed from the USGS topographic quadrangle map for Carpenter Ridge. The original or pre-paleolandslide slope profile was estimated by assuming that it had a roughly constant angle, without bumps and irregularities except at changes in lithology. This conceptual profile is shown in Figure 6 . The stratigraphic sequence at the Red Creek Landslide was extrapolated from a nearby cross-section by Hedlund and Olsen (1973) , supplemented by our field mapping.
PCSTABL requires input of dry and saturated unit weights, cohesion, and friction angle for each stratigraphic layer or sub-layer within the model. A summary of the values chosen is presented in Table 1 . Unit weight information was estimated from published sources. Cohesion within the West Elk Breccia is assumed to be zero, because movement through this unit was presumed to be along pre-existing planes of weakness (primarily near-vertical fractures). The cohesion and friction angle values for the Morrison Formation present a special difficulty. It seems logical that the strength characteristics of the Morrison Formation have changed over time, weakening in response to the following progression of events. An original, unfailed slope having peak strength properties is subjected to external stresses sufficient to cause a large landslide (the paleolandslide). Along the resulting slide plane, the material strength is reduced, while the rest of the Morrison Formation retains its peak properties. Later, creation of the Blue Mesa Reservoir submerges and saturates the lower part of the slope. Formerly peakstrength material loses some of its strength, and the effects of slaking further weaken the material along the slide plane. Thus, in the different scenarios modeled, as many as four sets of cohesion and friction angle values may apply: original peak-strength material, re-molded sheared material, slaked peak-strength material, and remolded and slaked sheared material.
Unfortunately, without extensive testing, the degree of change from one condition to the next cannot be readily quantified. For modeling purposes, the effects of slaking and re-molding are assumed to be approximately the same for the blue clay material based on the degree of disintegration observed in the slake index and slake durability tests. The effects are not assumed to be additive; therefore, one value is used for all three conditions: remolded, slaked, and re-molded and slaked material. Cohesion and friction angle along the slide plane are taken as the average of the values determined by lab testing and back-calculation: 525 psf (25.1 kPa) and 12 degrees, respectively.
An adjustment is required to obtain peak-strength properties of the blue clay for both the original slope analysis and the upper portion of the active landslide geometry before reservoir development, because each analysis attempts to model conditions before the initial landslide movement. Re-molded strengths are not appropriate; therefore, the values determined by laboratory testing and back-calculation were increased by approximately 50 to 60 percent, yielding a friction angle of 18 degrees and cohesion of 850 psf (40.7 kPa). These values are consistent with ranges published for intact siltstone and claystone/shale (Hoek and Bray, 1981; Hunt, 1984) . Likewise, the friction angle and cohesion values for the Dakota Sandstone and Burro Canyon Formation were increased for the original slope analysis. This formation is assumed not to be as susceptible to weakening by re-molding or slaking; therefore, the values were increased by approximately 25 percent, to 950 psf (45.5 kPa) and 22 degrees, which also compare favorably with published ranges for fractured sandstone with interbedded shale (Hoek and Bray, 1981; Hunt, 1984) .
For present-day conditions, the elevation of the water table is known directly under U.S. Highway 50 from piezometers installed by CDOT and at the ground surface at the shore of the Blue Mesa Reservoir. The interpretation of ground-water conditions, however, is poorly constrained deeper in the slope. Pre-reservoir and original slope water table conditions also are unknown. For the purposes of computer modeling, water table elevations within the slope were estimated for each scenario by extrapolating a surface that roughly follows topography and slopes gently toward either the Blue Mesa Reservoir or the Gunnison River, as appropriate.
Rapid drawdown is modeled by lowering the surface level of the reservoir while maintaining the original water table in the slope.
The location of the paleolandslide toe can be inferred from aerial photographs and topographic maps. The headscarp is interpreted as the cliff formed by the thick exposure of West Elk Breccia. The CDOT drilling program in November of 1995 located the probable basal failure plane within the Morrison Formation at a depth of 138 ft (42 m) below the road surface, where the borehole casing sheared off. The borehole was cased to its full Figure 6 . Conceptual cross-section of conditions before initial movement of the paleolandslide, as used in the original slope model. The solid line is an estimate of pre-failure topography, and the dotted line is the modern, post-failure topography. Refer to Table 1 for a key to geologic units. depth of 147.5 ft (45 m) and plugged at the bottom to provide a relatively dry environment for a proposed inclinometer (Andrew, 1999) . Accordingly, partial caving or siltation cannot reasonably explain truncation of the hole.
The units underlying the Morrison Formation are the eolian quartzitic Junction Creek Sandstone (Jj) and Precambrian schist and gneiss (pb). Both are substantially stronger than the Morrison Formation and are presumed not to be involved in the landslide. Figure 7 is a cross-section that illustrates the theoretical paleolandslide geometry and is the basis for the paleolandslide model. The relationship of the reactivated portion used in the active landslide model also is shown.
Potential earthquake accelerations were estimated using the National Seismic Hazard Map published by the USGS (1996), which indicates that the peak horizontal acceleration with a 10 percent exceedance probability in 50 years is 0.095 g. Smaller earthquake accelerations were also modeled to gauge their influence on slope stability.
Model output results are presented below in chronological order, from the original slope analysis to the active landslide analysis. A summary is provided in Table  2 . Because of limitations on the accuracy of material properties and stratigraphy, the presented factors of safety represent relative values only. Interpretation is made by evaluating the percentage increase or decrease in the factor of safety resulting from changes to the external conditions.
Original Slope PCSTABL calculated a static factor of safety of 1.55 for the conceptual original slope geometry (Table 2) . This is interpreted to be sufficiently stable that a relatively large change in conditions would be required to cause failure. For this iteration, the water table was assumed to be at the same location as in the pre-reservoir scenario.
Because the Holocene post-glacial climate was much wetter than the current climate (Thompson et al., 1993) , the original slope model was repeated with the groundwater level elevated to within 5 to 10 ft (1.5-3 m) of the ground surface (elevation 7,450 ft) and flattened to a gentle gradient back into the slope. The average increase in water table height was approximately 125 ft (38 m), which is considered to be a worst-case scenario. Raising the free water surface decreased the static factor of safety by 10 percent (to 1.39). This is interpreted as insufficient to have triggered the initial failure. Whether or not the elevated water table specified is realistic, the results demonstrate that even complete saturation is not likely to have been the sole trigger for the original paleolandslide. An alternative interpretation is that the selected shear strength values may be too high.
The third iteration of the original slope model returned the water table to its lower (pre-reservoir) level and applied an earthquake load. Ground acceleration of 0.1 g was selected as a conservative estimate, because it approximates the previously referenced value of 0.095 g. The seismic (or pseudo-static) factor of safety was calculated to be 1.09, a decrease of 30 percent. This is interpreted as an indication that a strong earthquake could have triggered the original paleolandslide.
The final iteration of the original slope model analyzed the combined effects of a saturated slope and a seismic event. Earthquake loads of 0.06 and 0.1 g were applied to the saturated slope of Iteration Two. The program determined the pseudo-static factors of safety to be 1.10 and 0.96, which corresponds to, respectively, 29 and 39 percent decreases in stability from the original conditions. These results demonstrate that the paleolandslide could have been triggered by a combination of earthquake and elevated water table conditions. 
Paleolandslide Model
The paleolandslide model simulates the combined effects of anthropogenic and natural processes on the present-day paleolandslide geometry relative to its partial reactivation and long-term stability. The first iteration considers conditions just before development of the Blue Mesa Reservoir. A low water table (appropriate for the present-day, arid climate) is used, and the strength values of the Morrison and Dakota Sandstone/Burro Canyon Formations have been lowered to reflect re-molding along the slide plane. The static factor of safety was determined to be 1.50, indicating that the paleolandslide is stable under these conditions and that a significant decrease in stability would be required for re-activation.
The paleolandslide was next modeled after reservoir construction at both high water and low water. Highwater conditions correspond to a reservoir level of elevation 7,520 ft (2,292 m), and low-water conditions correspond to a reservoir level drawn down 60 ft (18 m), to elevation 7,460 ft (2,274 m). The static factors of safety for high-and low-water conditions (no rapid drawdown) are 1.40 and 1.44, respectively. The percentage decrease in stability is less than 7 percent in each case and is interpreted to be incapable of re-activating the entire landslide. This is consistent with observed behavior.
The effects of 60 ft (18 m) of rapid drawdown were modeled, resulting in a static factor of safety of 1.34 (a decrease of just greater than 10 percent). This suggests that even catastrophic drawdown is unlikely to re-activate the entire paleolandslide.
Finally, earthquake loads of 0.05, 0.075, and 0.1 g were modeled at both high water and low water. The results are as follows: At high water, the pseudo-static factors of safety were determined to be 1.11, 0.99, and 0.89 in the order of increasing ground acceleration. At low water, the pseudo-static factors of safety were determined to be 1.15, 1.03, and 0.94. Grouping both high-and low-water results together, the percentage decrease in stability ranged from 23 to 41 percent. This indicates that the paleolandslide may have been re-activated by a strong earthquake, although minor shaking is unlikely to trigger movement. Intuitively, the seismic load required to destabilize the paleolandslide is reduced if rapid drawdown conditions exist at the time of the earthquake. Active Landslide Model
The active landslide was modeled under conditions similar to those of the paleolandslide. Initially, prereservoir conditions were considered to provide a benchmark for stability reduction calculations. The water table was specified at the same location as for the pre-reservoir paleolandslide analysis. Reduced material strengths were applied within the Morrison Formation along the lower portion of the slide plane where it is conterminous with the paleolandslide surface. The increased natural strengths used in the original slope model were applied along the upper portion of the slide plane within the Morrison and Dakota Sandstone/Burro Canyon Formations. The static factor of safety was 1.64. This is significant, because it shows that before filling of the reservoir, the active landslide geometry is stable.
After reservoir construction, the slope became saturated, and the entire thickness of Morrison Formation material was allowed to slake. Therefore, reduced strength parameters apply along the entire failure surface within the Morrison Formation. Strictly speaking, reduced strengths do not apply to the Dakota Sandstone/ Burro Canyon Formation until after the initial reactivation, because this formation is above the elevated water table. Because the stratigraphic thickness is small, however, and the slide plane geometry is steep where it passes through this unit, the effect of using the reduced strength here is negligible. The factors of safety presented below therefore apply to the re-activated landslide both before and after initial movement.
The static factor of safety for the active landslide with the reservoir at elevation 7,520 ft (2,292 m; full capacity) is 1.01, a reduction of 38 percent from pre-reservoir conditions. This result supports the hypothesis that saturation and slaking lowered the stability of a portion of the paleolandslide to the point that rapid drawdown could readily reactivate what is now referred to as the active Red Creek Landslide. The static factor of safety of the active landslide with the reservoir level at elevation 7,460 ft (2,274 m; low water) is 1.04, demonstrating that under equilibrium conditions, the active landslide is slightly more stable when the reservoir is drawn down. These results are consistent with the marginal stability conditions observed at both high-and low-water levels.
Rapid Drawdown
The effects of rapid drawdown are caused by the difference in head between the slope and the reservoir as a result of the stage level lowering more quickly than the landslide mass is able to drain. For modeling purposes, the drawdown is assumed to occur instantaneously. In reality, the effects of rapid drawdown are very closely linked with the hydraulic conductivity and drainage path lengths of the slope material, which control how quickly the water table can equilibrate. Within the Morrison Formation, the hydraulic conductivity likely is highly anisotropic, with fractures and bedding planes providing the primary conduits for water flow. Therefore, estimates of permeability based on material properties alone are not appropriate, and such estimates were not attempted for the present investigation. Rather, potential rapid drawdown effects were calculated and then compared to observed landslide behavior.
Because of the marginally stable conditions involved, modeling of rapid drawdown conditions is interpreted differently from previous results. Assessing the relative percentage decrease or attempting to pinpoint the critical amount of drawdown required to destabilize the landslide is not practical within the limitations of the model. The overall factor of safety calculations, however, correlate well with the observed behavior, as discussed below.
The effects of up to 25 ft (7.6 m) of rapid drawdown were modeled in 5-ft (1.5-m) increments. After the first 5 ft (1.5 m) of rapid drawdown, the static factor of safety was calculated to be 0.99, a reduction of 2 percent. Thereafter, every 5-ft (1.5-m) increment of rapid drawdown lowered the factor of safety by a value of approximately 0.01, a reduction of 1 percent. We conclude that for the marginally stable Red Creek Landslide, only a small amount of rapid drawdown is required to initiate movement.
INTERPRETATION
The first major historic landslide movements occurred during the winter of 1971 and again during the winter and spring of 1974. These periods correspond to three successive monthly drops in reservoir level in excess of 10 ft (3 m), which we have shown by computer analysis to lower the factor of safety by approximately 3 percent. A perfect correlation does not exist between drawdown amount and slope movement, but it appears that historical movements described previously occurred when the reservoir level dropped at least 20 ft (6 m) during a 2-month period. These large, rapid drawdowns occurred in the following years : 1968, 1970, 1971, 1973, 1974, 1979, 1980, 1982, 1984, 1985, 1986, 1987, and 1993 . (These dates correspond to the end of the yearly drawdown period, such that drawdown between December of 1973 and March of 1974 is reported as having occurred in 1974.) A summary of the large drawdowns by month for each of the years listed is provided in Table 3 . The sporadic timing of these large amounts of rapid drawdown helps to explain the intermittent nature of large displacement events at Red Creek.
In Figure 8 , monthly drawdown is plotted against the reservoir elevation before the drawdown. The data points have been selected from Table 3 . For the case of 20 ft (6 m) of drawdown during a 2-month period, if the second month's drawdown is less than two-thirds of the first month's drawdown, it is eliminated under the assumption that the influence of drawdown in the first month dominates. Also, the drawdowns from 1982 have been eliminated, because very minimal reservoir re-filling occurred between 1981 and 1982 (see Figure 3) .
The results suggest that the landslide is less sensitive to rapid drawdown when the reservoir level is relatively low. Therefore, a theoretical method of mitigation would be to verify that the difference in head between the landslide mass and the reservoir remains below the critical drawdown line in Figure 8 . The line is defined as which is applicable when the reservoir level is between elevation 7,450 ft and elevation 7,520 ft. In this equation, H is the reservoir stage-level elevation in feet above sea level, and d is the maximum allowable head difference in feet between the slope and the reservoir. Using this method, greater drawdowns are permitted as the reservoir is lowered. This approach requires knowledge regarding the location of the water table within the slope at any given time, which may be accomplished by the installation of piezometers within the landslide mass. Furthermore, it shows that the effects of rapid drawdown can be calculated and minimized if the rate of reservoir drawdown can be varied.
CONCLUSIONS
Geomorphic and computer stability analysis support the theory that the active Red Creek Landslide is the partial reactivation of a larger ancient paleolandslide and that the original paleolandslide may have been triggered by an earthquake. The magnitude of the seismic event necessary to have caused the paleolandslide is a function of the elevation of the water table within the original slope.
Creation of the Blue Mesa Reservoir submerged a large volume of the paleolandslide comprised of the Morrison Formation. Our model assumes that certain layers of the Morrison Formation are susceptible to severe weakening by slaking, and this reduction in strength, combined with the presence of a pre-existing failure plane at depth, allowed for partial reactivation of the paleolandslide. Seasonal rapid drawdown of the Blue Mesa Reservoir acts as the trigger to periodic movements, and large drawdowns have been correlated to larger magnitude displacements. The effects of rapid drawdown could be minimized if it is practical to limit reservoir drawdown rates below critical calculated values. Historic excavation near the toe may have contributed to instability, and it may explain why other paleolandslides around the reservoir have not reactivated under identical drawdown conditions.
